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Proton-proton collisions at the LHC can be classified as elastic, non-
diffractive, and diffractive. In this paper we discuss various measurements
of these above processes at various LHC experiments. We report about
the total proton-proton cross-section measurements, about the analysis of
diffractive events and also about the pseudorapidity distribution in inelastic
events.
1. Introduction
High energy proton-proton collisions are observed at the Large Hadron
Collider of CERN. A large fraction of these collisions are events where color
degrees of freedom are exchanged between the two protons, and new parti-
cles are created throughout the phase-space spanned by longitudinal pseu-
dorapidity, defined as η = 0.5 ln[(p+pz)/(p−pz)] and azimuth angle defined
as φ = arctan(py/px). However, a substantial fraction of the total pp cross
section is due to diffractive processes, where protons remain intact or dis-
sociate into a mixture of particles with a low diffractive mass (compared to
the original energy of the proton). These events can be characterized by a
colorless momentum exchange of the two protons, via the Pomeron, carry-
ing the quantum numbers of the vacuum. A significant number of elastic
events are also observed at the LHC, where Pomeron exchange governs the
deflection of the protons, both of which remain intact, and no new particles
are created (i.e. the kinetic energy is retained in the collision).
A summary of diffractive p+p event classes is shown in Fig. 1. The par-
ticles in the final state are separated by a large (& 3) rapidity gap ∆η1 The
rapidity gap size is related to the diffractive mass of the dissociated system,
MX . In case of single diffraction, ∆η ≈ ln ξ, with ξ = ∆p/p, being the mo-
mentum loss of the proton, also equal ξ = M2X/s where s = (p1 + p2)
2, i.e.
the total center of mass energy squared. In order to experimentally classify
these events, one needs to identify the rapidity gap in particle production,
with detectors covering a large rapidity region.
1 E.g. in single diffraction, a rapidity gap means no particles in a pseudorapidity region
defined by ∆η between the leading proton and the diffractive system.
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Fig. 1. Event classification in the TOTEM+CMS detector system. In elastic pp
events, only momentum is exchanged (by colorless particles), while in diffractive
events, particles are produced either through the dissociation of one or both of the
protons, or through the interaction of the exchanged Pomeron.
The LHC TOTEM experiment detects the leading protons with a system
of Roman Pots (RP). There are four RP stations, ±147 and ±220 meters
from the Interaction Point (IP5), with two units at each location. A unit
consists of two vertical and one horizontal edgeless Si strip detector [1],
reaching to a distance of a few millimeters from the beam. RP’s allow
TOTEM to track protons which were deflected by a few microradians only
(in elastic, single diffractive or central diffractive events). Two tracking
detectors at a smaller pseudorapidity allow TOTEM to track almost the
entirety of diffractive dissociation. These are the T1 and T2 telescopes,
covering 3.1 < |η| < 4.7 and 5.3 < |η| < 6.5 respectively.
Located also at IP5, CMS also has a set of forward calorimeters which
can be used in observing single, double or central diffractive events. The
Hadron Forward calorimeter (HF) is at 3< |η| <5, while the CASTOR
calorimeter is located only on one side of the IP, at −6.6 < |η| < −5.2.
At ATLAS, there are forward calorimeters outside the tracking system.
A highly segmented electromagnetic (EM) liquid argon sampling calorimeter
covers the range |η| < 3.2. The Hadronic End-cap Calorimeter (HEC)
covers 1.5 < |η| < 3.2, while the Forward Calorimeter (FCal) covers 3.1 <
|η| < 4.9. For triggering, ATLAS uses Minimum Bias Trigger Scintillators
(MBTS, 2.1 < |η| < 3.8), placed on the inner face of the HEC. For the
analysis of rapidity gaps, only calorimeter information is used in the region
2.5 < |η| < 4.9, beyond the acceptance of the inner detector.
2. Cross-section measurements
Cross-section of pp collisions is a particularly interesting, since the total
cross-section rises with increasing total center of mass energy (
√
s), which
Fig. 2. TOTEM luminosity-independent p+p cross-section measurements with
world cross-section data as a function of
√
s. On the right, comparison of the
TOTEM measurements obtained with different analysis methods are shown.
can only be explained in terms of the Regge theory with the exchange of
Pomerons. Measurements of σtot at LHC energies were available only in
high uncertainty cosmic-ray data. TOTEM has now measured the total,
elastic and inelastic pp cross-sections with a very high precision, with several
independent methods (see Fig. 2 and Refs. [2, 3, 4, 5, 6]):
a) The basic method is to measure the number of elastic and inelastic events
(Nel,inel), and using luminosity L2: σtot = (Nel +Ninel)/L.
b) There is also a method which does not require the knowledge of the
number of inelastic events, but is based instead of the optical theorem:
σ2tot = 16pi(~c)2/(1 + ρ2) × L−1 × dNel/dt|t=0, where −t is the momentum
exchange squared, while ρ is the real over imaginary part of the forward
scattering amplitude.
c) The third, luminosity independent method can be summarized as σtot =
16pi(~c)2/(1 + ρ2)× (dNel/dt|t=0)/(Nel +Ninel).
As described in the previous paragraph, for the total cross-section mea-
surement, differential measurements of dσ/dt are needed at small t values.
The minimum reachable t by TOTEM depends on the accelerator optics
(described by β∗, the betatron amplitude taken at the interaction point).
2 Luminosity is the number of interactions per effective area and per second
If β∗ = 3.5 m, the range of |t| > 0.36 GeV2 can be measured, while with
a special, β∗ = 90 m optics, ranges of |t| > 0.005 GeV2 can be seen. With
these measurements [3, 7], extrapolation to t → 0 is possible. TOTEM
has performed also a measurement at β∗ = 1000 m, which allowed to reach
|t| = 6 · 10−4 GeV2 where the Coulomb-nuclear interference can be stud-
ied [8].
In ATLAS, inelastic cross-sections are measured as a function of the
accessible ξ range [9]. Determined by the η acceptance, a ξ > 5 · 10−6
range is accessible. Event selection is based on triggering via the MBTS.
This way a measurement with the integrated luminosity of 20.3 µb was
performed, and an inelastic cross-section of 60.3 ± 0.5(syst)±2.1(lumi) mb
was measured [10], for ξ > 5 · 10−6, corresponding to the diffractive mass
being larger than 15.7 GeV. A dependence on ξcut has also been analyzed,
from which (via extrapolation) σinel = 69.4 ± 2.4(exp)±6.9(extr) mb was
extracted [9]. Measurement of total inelastic cross-sections was also per-
formed at ALICE [11]. The 2.76 TeV result is 62.8+2.4−4.0(model)± 1.2(lumi),
while the 7 TeV result, as shown in Fig. 2, is 73.2+2.0−4.6(model) ± 2.6(lumi).
For ξ > 5 · 10−6, ALICE obtained 62.1+1.0−0.9(model)± 2.2(lumi). The results
of all LHC experiments are consistent with each other.
3. Single diffraction
TOTEM measures single diffractive events with a large rapidity gap
between the outgoing proton and the dissociative hadronic system [12]. The
final goal of this preliminary measurement is to determine the integrated
cross-section and the differential dσ/dt distribution in each mass range.
Event selection is done via the RP’s and the Telescopes, requiring one proton
and a rapidity gap in T2 on the side of the proton, and tracks in the opposite
side. The correspondence of the gap size to the diffractive mass is given in
Table 1. Raw rates have to be corrected for efficiency and acceptance,
and backgrounds have to be subtracted. The main background source is
the pileup of a proton in RP from the beam halo with an independent non-
diffractive event in T2. Preliminary results in the 3.4−1100 GeV diffractive
mass region indicate σSD = 6.5 ± 1.3 mb for both arms, while differential
cross-section exponential slopes are estimated to be B = 10.1, 8.5 and 6.8
GeV−2 for the first three mass ranges, respectively.
CMS has measured single diffractive dijet production [13], where one of
the protons remains intact or is excited into a low-mass state, while the other
participates in a hard scattering with a Pomeron from the non-dissociating
proton. CMS measures the cross section for dijet production as a function
of an evaluation of ξ (CMS has no direct access to the momentum loss
of the undissociated proton), based on events with at least two jets with
Table 1. Single diffraction event classes in TOTEM
Event class Event topology Mass range Mom. loss (ξ)
Low mass RP, opposite T2 3.4 – 8 GeV 2 · 10−7 – 10−6
Medium mass RP, opp. T2, opp. T1 8 – 350 GeV 10−6 – 0.25%
High mass RP, opp. T2, same T1 0.35 – 1.1 TeV 0.25% – 2.5%
Very high mass RP, opp. T2, same T2 1.1 TeV – 2.5% –
Fig. 3. The differential cross section for inclusive dijet production from Ref. [13].
The points are plotted at the center of the bins. The error bars indicate the
statistical uncertainty and the band represents the systematic uncertainties added
in quadrature. See text and Ref. [13] for details.
a transverse momentum of pj1,j2t > 20 GeV in the pseudorapidity region
|ηj1,j2| < 4.4. The results are compared to diffractive and non-diffractive
MC models (see Fig. 3). The low-ξ data show a significant contribution
from diffractive dijet production, observed for the first time at the LHC.
POMPYT and POMWIG, based on dPDFs from HERA, overestimate the
measured cross section by a factor of 5. This factor can be interpreted as
the effect of the rapidity gap survival probability.
4. Double and central diffraction
TOTEM has measured the double diffractive cross-section in the very
forward region at 7 TeV. With the T1 and T2 telescopes a clean sample of
double diffractive events could be extracted. The event topology was defined
as no tracks in the T1 detectors (to ensure that no particles are present at
low η), and valid tracks in both T2 arms, which selected events that have
Table 2. Double diffractive cross-section measurements in the forward region. Both
visible and true ηmin corrected cross-sections are given. There were two subregions
defined; (1): 4.7 < |η|min < 5.9 and (2): 5.9 < |η|min < 6.5. Dij requires then
|η|min to be in region i on the + side and in region j on the − side.
σDD [µb] Total D11 D22 D12 D21
Visible 131±22 58±14 20±8 31±5 34±5
True ηmin 116±25 65±20 12±5 26±5 27±5
Pythia true ηmin 159 70 17 36 36
Phojet true ηmin 101 44 12 23 23
two diffractive systems having particles with a minimal pseudorapidity in
the 4.7 < |η| < 6.5 range. These events make up only roughly 3% of the
total double diffractive cross-section, they however provide a pure selection
of such events. The cross-section in the total region was estimated to be
σDD = (116± 25) µb [14]. To access further experimental details, the above
η range was divided into two sub-regions on each side, by cutting at |η| = 5.9.
In each measurement category, the selected sample had to be corrected for
trigger-efficiency, pile-up and T1 multiplicity, and also the background had
to be estimated. The visible cross-section was then determined by correcting
the raw rate for acceptance and detection efficiency. Lastly, the visible cross-
section had to be corrected so that both diffractive systems have a minimal
pseudorapidity in the 4.7 < |η| < 6.5 range. See results in Table 2. In
order to determine the background, three event classes were considered:
non-diffractive (ND), single diffractive (SD) and central diffractive (CD).
A data-driven background estimation was used, where the values of the
background estimates were calculated iteratively (see details in Ref. [14]).
CMS has measured single and double diffractive events with the exper-
imental topologies of a large rapidity gap [15]. Event types were defined
as SD1 (gap on + side), SD2 (gap on − side) and DD (central gap). Both
SD1 and SD2 event topologies (defined as ηmin > −1 and ηmax < 1, re-
spectively) contain SD and DD events, with the second hadronic system
being outside the central region. For the SD2 topology, CASTOR was used
for tagging to select a DD enhanced event sample and to calculate SD and
DD cross-section, using a ∆η0 > 3 selection. Since there is no similar
detector on the + side, the SD1 sample was treated as a control sample.
The differential SD cross-section was then measured as a function of ξ, in
the −5.5 < log10 ξ < −2.5 range, while the DD cross-section was mea-
sured in events in which a hadronic system is detected in the central arm
(12 < MX < 394 GeV) and the other in CASTOR (3.2 < MY < 12 GeV), in
the ξX = M
2
X/s range of −5.5 < log10 ξ < −2.5. The DD cross-section was
Fig. 4. The SD (left) and DD (right) cross sections as a function of ξ, compared to
several MC predictions.
also measured differentially as a function of the central pseudorapidity gap
∆η. Results were compared to predictions of theoretical models, as shown in
Fig. 4 (see details in Ref. [15]). In total, a σvisSD = 4.27±0.04(stat.)+0.65−0.58(syst.)
mb integrated cross-section was measured (multiplied by two to account for
both side processes). Note also, that for all the above event types, the for-
ward rapidity gap cross-section dσ/d∆ηF was measured both at CMS and at
ATLAS. At small ∆ηF , the cross-sections are dominated by non-diffractive
events, exponentially suppressed as ∆ηF increases. For ∆ηF > 3, cross-
section per unit rapidity gap weakly changes with ∆ηF , taking the value
of dσ/∆ηF ≈ 1.0 mb [9]. The large η range comparison between data and
MCs allows to tune the relative fraction of the different components in the
models. CMS extends the ATLAS measurement by 0.4 unit of rapidity gap
size, and the two measurements agree within uncertainties [9, 15].
Central diffractive events are also measured at TOTEM, defined by the
event topology of protons in both RP arms and tracks in the T2 telescopes.
The background of this selection is mainly elastic events and inelastic events
with pile-up of beam-halo. Since during data taking the RP distance to the
beam was greater than 11σbeam, it was found that beam halo contribution
is negligible. Elastic event events can rejected via anti-elastic cuts in the
RP’s, or by selecting non-elastic topologies (e.g. protons being in the top
RP’s on both sides). Single-arm differential event rate was then measured
and a preliminary exponential slope parameter of B = −7.8±1.4 GeV2 was
extracted via a MC fit on the ty distribution. The preliminary cross-section
estimate of TOTEM is σCD ≈ 1 mb. CMS and TOTEM are also working
on a common central diffraction measurement, where the diffractive central
mass can be measured by both experiments: using the proton tracks by
TOTEM (via M2X = ξ1ξ2s) and directly by CMS. This will provide a result
with an unprecedented rapidity coverage.
Fig. 5. Charged particle pseudorapidity density distribution as measured by the
CMS tracker in the central region and TOTEM T2 in the forward region for the
same events with one charged particle with pt > 40 MeV/c, for both the inclusive
and the non-single diffractive enhanced sample, with comparisons to various MC
tunes (see details in [16]).
5. Inelastic pseudorapidity distributions
A measurement of the pseudorapidity density (dNch/dη) of forward
charged particles in inelastic events was also performed by TOTEM with
the T2 detectors [17]. The measurement refers to events with at least
one charged particle with pt ≥ 40 MeV/c and with a mean lifetime τ >
0.3× 10−10 s, directly produced in pp interactions or in subsequent decays
of particles having a shorter lifetime. Results of this measurement were com-
pared to MC expectations: none of the theoretical models has been found
to fully describe the data. The cosmic ray MC generators (e.g. QGSJETII,
see a review of event generators in Ref. [18]) show a better agreement for
the slope. The TOTEM experiment has also measured the pseudorapidity
density of charged particles with pt ≥ 40 MeV/c in pp collisions at 8 TeV
for 5.3 < |η| < 6.4 in a low intensity run with common data taking with the
CMS experiment [16, 19]. This represents the extension of the analogous
measurement described in the beginning of this paragraph. The analysis
was performed on 3 different events categories: an inclusive one with at
least one charged particle in either −6.5 < η < 5.3 or 5.3 < η < 6.5, a non-
single diffractive enhanced one with at least one charged particle in both
−6.5 < η < 5.3 and 5.3 < η < 6.5 and a single diffractive enhanced one with
at least one charged particle in −6.5 < η < 5.3 and none in 5.3 < η < 6.5 or
vice-versa. A minimum bias trigger was provided by the TOTEM T2 tele-
scope and contributed to the CMS Global Trigger decision to initiate the
simultaneous read out of both CMS and TOTEM detectors. The event data
from TOTEM and CMS were then combined offline in a common data anal-
ysis activity. The visible cross section for events triggered by T2 has been
estimated to be about 95% of the total inelastic cross section: more than
99% of all non-diffractive events and all single and double diffractive events
having at least one diffractive mass larger than ≈ 3.6 GeV/c2. See results
in Fig. 5, and details about the compared event generators in Refs. [16, 19].
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